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Executive Summary

New York City Transit (NYCT), part of the
Metropolitan Transportation Authority in
New York, began operating the first of

10 heavy-duty diesel hybrid-electric transit
bus prototypes (Model VI) from Orion
Bus Industries in 1998. All 10 buses were
in revenue service by mid-2000. The hybrid
buses are intended to provide NYCT with
increased fuel economy and lower levels
of harmful exhaust emissions, compared
with NYCT’s diesel transit buses.

Between 1999 and 2001 (over various
predefined fuel and maintenance evalua-
tion periods), these first 10 hybrid buses
were part of a data collection and analysis
project sponsored by the U.S. Department
of Energy (DOE). The operating costs,
efficiency, emissions, and overall perfor-
mance of these low-floor hybrid buses were
compared against those of 14 conventional
high-floor diesel transit buses (7 each
from NovaBUS Corporation and Orion)
operated by NYCT in similar service.

Results indicate that the hybrid buses
operate with greater fuel efficiency and
much lower emissions, compared with
the diesel buses. Maintenance costs for the
prototype hybrid buses were significantly
higher than those of the diesel buses
during this evaluation. However, these
costs are expected to decline for the next-
generation Orion VII buses, currently
being procured by NYCT, as repair
technicians become more familiar with
the advanced hybrid propulsion systems.

Objective

The objective of the DOE research project,
managed by the National Renewable Energy
Laboratory (NREL), was to provide trans-
portation professionals with quantitative,
unbiased information on the cost, main-
tenance, operational, and emission char-
acteristics of diesel hybrid-electric systems as
one alternative to conventional diesel engines
for heavy-duty transit bus applications.

In addition, this information should
benefit decision makers by providing a
real-world account of the obstacles that
were encountered and overcome and the
lessons that were learned in adapting
hybrid buses to a transit site previously
geared toward conventional diesel buses.
The field study at NYCT was conducted
as part of DOE’s ongoing Transit Bus
Evaluation Project.

Methods

Data were gathered from fuel and
maintenance tracking systems daily for
more than 1 year. Examples of the data
parameters included:

* Fuel consumption
* Mileage and route information

* Engine oil additions and oil/filter
changes

* Preventive maintenance action records

* Records of unscheduled maintenance
(such as roadcalls) and warranty repairs.

The data collection was designed to cause
as little disruption for the host site as
possible. In general, staff members at NYCT
sent copies (electronic or paper) of data
that had already been collected as part of
normal business operations to Battelle,
which handled and analyzed the data.

Special chassis dynamometer tests of
exhaust emissions and fuel efficiency of
the hybrid and conventional diesel buses
were also conducted.
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Goals of the Orion VI Hybrid Fleet

At the time that the 10 Orion VI hybrid
buses were delivered, this was the largest
standard 40-foot hybrid bus fleet in the
United States. Hybrid buses were not a
standard configuration for transit applica-
tions. BAE SYSTEMS, Orion, and NYCT
set out to design, build, and implement
the use of hybrid buses into standard
transit service. All parties were aware that
this was an investment into unproven
technology, and this project was intended
to develop this technology. NYCT set
specific goals for the implementation of
hybrid buses in order to measure the
success of this development project:

1. Reduce emissions, specifically oxides
of nitrogen (NO, <15 g/mi) and
particulate matter (PM <0.06 g/mi)

. Significantly increase fuel economy

3. Show that the hybrid buses can

operate in regular revenue service
with no route or driver restrictions

4. Show that the hybrid bus performance

(e.g., acceleration, gradability, and
range) was equal to or better than that
of conventional diesel buses and that
drivers can switch from one to the
other with no significant difference

in operation

5. Demonstrate that drivers and passengers
perceive hybrid-electric buses positively

. Significantly increase brake life

. Improve the design of the hybrid bus;
promote the development of the
technology through investment

8. Help put the industry in a position to

build and sell “production” hybrid buses.

N

~N

All indications from the NYCT program
and this evaluation show that this
implementation of diesel hybrid-electric
buses has met or exceeded all goals.

Results

NYCT, BAE SYSTEMS, and Orion are commit-
ted to operating the Orion VI diesel hybrid-
electric buses in service, as well as the new
Orion VII hybrid buses currently on order.
The Orion VI hybrid bus has met all basic
“White Book” performance expectations
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and requirements, such as gradability,
acceleration, low noise, and emissions.

Facility conversion for accommodating
hybrid buses was minor compared to
preparing for compressed natural gas
(CNG) vehicles.

The hybrid buses had lower mileage
(miles driven) on a monthly basis
compared to the NovaBUS RTS diesel
buses at the same NYCT depot. The
reduction in usage of the hybrid buses
was a direct result of the need to service
the buses and the extra time required to
coordinate with the manufacturers to
troubleshoot and fix those problems. The
lower mileage for the “pre-production”
hybrid buses was expected by NYCT and
the manufacturers.

The hybrid buses had 10% higher in-service
fuel economy on average for the entire
evaluation period compared to the
NovaBUS RTS diesel buses. Looking at fuel
economy per month, the fuel economy
advantage of the hybrid buses went as high
as 22% during one month of the evaluation
period. The hybrid bus fuel economy
improved during the evaluation period.
No external charging was required for
the hybrid buses.

The hybrid buses had a fuel cost per
mile 9% lower than the NovaBUS RTS
diesel buses.

Chassis dynamometer emission test
results with and without regenerative
braking on the hybrid buses showed that
the fuel economy increase from the
hybrid configuration alone is about 6%.
Fuel economy is improved even further
(23%—-64% higher depending on test
cycle) through regenerative braking,
which stores energy that would other-
wise be wasted heat energy in the brakes.

Maintenance costs for the hybrid buses
were 76%—-150% higher than those of
the NovaBUS diesel buses. The mainte-
nance data show that, for the hybrid
buses, maintenance costs were much
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higher for all bus subsystems, even those
that have nothing to do with the hybrid
propulsion system and are virtually identi-
cal to the same subsystems on the diesel
buses. This is a strong indication that
the cost differences between hybrid and
standard diesel will fall significantly for
the next generation of vehicles (Orion
VII hybrid), which will be deployed in
much greater numbers.

For the evaluation period, the hybrid
buses had a rate of miles between
roadcalls that was 54% lower than the
NovaBUS RTS diesel buses for all road-
calls and 80% lower for engine and
fuel-related roadcalls.

The hybrid buses had operating costs
46%-92% higher than the NovaBUS RTS
diesel buses.

Emission testing at NYCT was conducted
by West Virginia University on their
mobile chassis dynamometer, for the
Northeast Advanced Vehicle Consortium.
On the Commercial Business District
test cycle, for the hybrid buses com-
pared with the diesel buses, carbon
monoxide (CO) was 97% lower, NO,
were 36% lower, hydrocarbons (HC)
were 43% lower, PM was 50% lower, and
carbon dioxide (CO,) was 19% lower.

Emission testing was also conducted by
Environment Canada on the new Orion
VII diesel hybrid buses and the con-
ventional Orion V diesel buses, with and
without a catalyzed diesel particulate fil-
ter (DPF) installed. The new hybrid bus
had 94% lower CO, 49% lower NO,,
120% higher HC, 93% lower PM, and
37% lower CO, than the Orion V diesel
without the catalyzed DPF. The new
hybrid bus had 38% lower CO, 49%
lower NOy, 450% higher HC, 60% lower
PM, and 38% lower CO, than the Orion
V diesel with the catalyzed DPF.

NYCT has ordered 125 Orion VII diesel
hybrid buses to be delivered in 2002
and another 200 Orion VII diesel hybrid
buses to be delivered in 2003 and 2004.
Fifty more hybrid buses are to be
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ordered in 2002. NYCT has reported
that they are pleased with the progress
made to date in developing the heavy-
duty diesel hybrid bus into a full-service
commercial product to be used in
revenue service at the agency.

Lessons Learned

The diesel hybrid-electric bus evaluation
project provided NYCT, DOE, and other
participants the opportunity to learn many
lessons about alternative propulsion
systems. Some highlights follow:

* A team effort is required to develop
and field test a prototype system into
a proven, off-the-shelf system.

* Vendor, manufacturer, and in-house
management support are critical
during the learning curve at the transit
depot, as maintenance personnel
diagnose, troubleshoot, and adapt to
the new systems, especially when the
new systems represent a small fraction
of the total bus population at the depot.

* Operators reported that the hybrid buses
had better acceleration, better traction
in bad weather, and smooth braking.

* Riders noticed the quieter ride, and many
expressed interest and enthusiasm in the
“electric power” system on the buses.

* Some obstacles to the commercial
growth of hybrid bus technology
include the performance of current
lead-acid batteries, the availability of
medium-duty engines certified for
transit bus applications, and the high
purchase cost of the first generation
of production vehicles. This high
purchase cost is exacerbated by the
small size of the transit bus market,
which cannot support the development
of new technologies on its own.

* The prospects for greater commercial
success would be improved by the
availability of low-cost advanced
energy storage devices and lower
production costs based on the
increased production volume that may
result from greater penetration of the
truck and military markets.
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Obstacles Overcome

A number of changes to equipment and
software were made in the course of project
start-up at NYCT. These upgrades helped
the later Orion VI hybrid buses, and all
improvements are being incorporated into
the design of the new Orion VII hybrid
buses ordered by NYCT from Orion. These
changes and upgrades were expected for
these pre-production vehicles and are
consistent with the first generation of a
maturing technology.

Future Diesel Hybrid-Electric
Operations at NYCT

NYCT has continued its commitment to a
cleaner emission fleet of buses. The NYCT
bus fleet currently consists of 4,489 buses:

* 10 diesel hybrid-electric
* 221 CNG
* 4,258 diesel.

NYCT plans to purchase more CNG and
hybrid buses as well as retrofit the
remaining diesel buses with catalyzed
DPFs. The bus fleet at NYCT in 2006 will
consist of the following buses:

* 385 diesel hybrid-electric
* 646 CNG
* 3,458 diesel with catalyzed DPFs.

The next fleet of hybrid buses at NYCT
(an order of 125 Orion VII hybrid buses)
is expected to be a nearly full-service,
commercial product for NYCT (delivery
planned to start in mid-2002). The Orion
VII hybrid bus has been designed to
incorporate all of the technical lessons
learned from the experience with the
Orion VI pilot hybrid buses.

The Orion VII diesel hybrid-electric bus
design is expected to be more fully
optimized for fuel economy and emissions.
With the new order of 125 Orion VII diesel
hybrid-electric buses at NYCT, the goals

of their hybrid program have progressed.
The goals for the operation of the newer
hybrid buses are similar to those for the
original 10 buses but are now more
focused on reliability and optimization

for cost of operations:

1. Continue to significantly reduce bus
fleet emissions

2. Continue to significantly increase fuel
economy

3. Show that the hybrid buses are com-
mercially viable, i.e., hybrids can be
purchased in volume with standard
terms and conditions to replace
conventional diesel buses

4. Demonstrate rapid deployment of a
large number of hybrid buses with
minimal infrastructure investment or
service capacity interruptions

5. Demonstrate that hybrid buses can be
reliable and cost-effective in providing
regular revenue service.

NREL plans to implement a follow-up
evaluation of the Orion VII hybrid bus
order at NYCT, starting as soon as
early 2003.

NYCT is converting various depots to
accommodate hybrid and CNG buses and
has specified ultra-low sulfur diesel (less
than 30 ppm sulfur) fuel for all of its diesel
operations. A new capital spending plan
for NYCT will be finalized in 2004 for bus
purchases from 2005 through 2009. This
plan may include more CNG, hybrid, and
possibly fuel cell bus purchases (at least
for demonstration purposes).



Final Results

=

Overview

Hybrid-Electric
Transit Buses

New York City Transit (NYCT) is

a part of the Metropolitan Trans-
portation Authority (MTA) in New
York. NYCT is the largest agency
in the MTA and includes more
buses than any other public
agency in North America. Its area
of operation and bus terminal
locations are shown in Figure 1.

NYCT started a pilot test of diesel
hybrid-electric buses in 1998 with
the first 4 of 10 buses it would
eventually receive from Orion.
This fleet of 10 heavy-duty diesel
hybrid-electric buses was the
subject of the U.S. Department of
Energy (DOE)/National Renewable
Energy Laboratory (NREL) Transit
Bus Evaluation Project.

The hybrid buses were operated
from Manhattanville Depot dur-
ing the evaluation presented in
this report. The hybrid buses are
compared to 7 NovaBUS diesel
buses operating from the same
depot as the hybrid test buses
and 7 Orion diesel buses operat-
ing from a nearby depot.

This report summarizes the results
of the diesel hybrid-electric study
at NYCT. Further technical back-
ground, research methods,
extensive original data, and
detailed discussions are presented
in a companion document (New
York City Transit Diesel Hybrid-
Electric Bus Site Final Data Report,
NREL, February 2002), which is
available from the National
Alternative Fuels Hotline
(1-800-423-1363) and on the
Web (www.afdc.doe.gov).

What Is a Hybrid Propulsion System?

A hybrid-electric vehicle (HEV) combines an electric propulsion system
(electric motor or motors driving the wheels) with another power plant
such as a conventional internal combustion engine in order to use the

advantages of each.

The series hybrid vehicles at NYCT have a smaller-than-standard diesel
transit bus engine, which uses ultra-low sulfur fuel. The diesel engine
operates within a narrow speed range, so it uses less fuel.

In general, electric propulsion vehicles are

valued because they reduce S

mobile vehicle emissions. pelicde ST
However, all-electric vehi- TR =]
cles usually are limited by =[N 0

range and onboard energy
storage. The use of a
power plant in the

HEV allows an extended
range compared with
all-electric vehicles. In

a transit bus, the power plant
is usually an internal combustion

engine that is smaller than a standard transit diesel engine.

BAE SYSTEMS
HybriDrive™
Propulsion System

The hybrid system evaluated at NYCT works in general as follows:
1. The diesel engine powers a traction generator that provides primary
power through the propulsion control system to the traction motor
and recharges the batteries. The range of the bus is limited by the
amount of diesel fuel stored onboard, not by a need to recharge
the batteries.

2. The traction motor drives the wheels and regenerates power during
braking.

3. Batteries provide supplemental power to a traction motor during
acceleration and grade climbing.

4. The propulsion control system manages the flow of power to make
the bus move as the driver commands and uses regenerative braking
to slow the bus and simultaneously recharge the batteries. (Hybrid
buses also have conventional brakes.)

5. The system is integrated. During acceleration, power flows from the
traction generator and battery pack to the traction motor; during
cruise mode, power flows from the traction generator to drive the
traction motor and recharge the batteries as needed; and during
braking, the traction motor acts as a generator, sending power to the
batteries for recharging.

6. The smaller diesel engine, operating at a more constant speed and
with better overall fuel economy, can significantly reduce overall
bus emissions.
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Figure 1. New York City Transit bus depot locations

Alternative Fuel Projects at
DOE and NREL

NREL managed the data collection,
analysis, and reporting activities
for the NYCT Diesel Hybrid-Electric
evaluation on behalf of DOE. NREL
is a DOE national laboratory. Sup-
port was also provided by Battelle.

One of NREL's missions is to assess
the performance and economics
of alternative fuels and advanced
technology propulsion systems
objectively so that

* Fleet managers can make
informed decisions when
purchasing new vehicles.

* Advanced technology vehicles can
be used more widely and suc-
cessfully in the future to reduce
U.S. consumption of imported
petroleum and to benefit users
and the environment.

Besides the advanced diesel

hybrid-electric propulsion system,
alternative fuels being evaluated by
NREL and participating companies

Final Results

across the United States include
liquefied natural gas (LNG),
compressed natural gas (CNG),
biodiesel, ethanol, and propane
(liquefied petroleum gas, or LPG).

The Transit Bus Evaluation
Project

The overall objective of the ongoing
DOE/NREL Transit Bus Evaluation
Project is to compare heavy-duty
transit buses using alternative
fuel or advanced propulsion tech-
nology with those using conven-
tional diesel fuel. Specifically, the
program seeks to provide com-
prehensive, unbiased evaluations
of the newest generation of fuel,
engine, and vehicle technologies.

Heavy-duty alternative fuel buses
have been evaluated across the
United States through data
collection and analysis since1993.
The bus program has included
14 demonstration sites (Table 1).

Sites have been selected according
to the kind of advanced technology
in use, the types of buses and

Table 1. DOE/NREL Transit Bus Evaluation
Project Demonstration Sites

Site/Operator Fuel/Technology

DART (Dallas, TX) LNG
Pierce Transit (Tacoma, WA) CNG
Miami MDTA (Miami, FL) CNG, Methanol
NYCDOT/Triboro Coach Methanol
(New York, NY)
NYCDOT/Command Bus CNG
(New York, NY) (emissions only)
GP Transit (Peoria, IL) Ethanol
MCTO (Minneapolis, MN) Ethanol
Bi-State (St. Louis, MO) Biodiesel
Atlanta, GA CNG/Diesel
and Flint, Ml (emissions only)
Long Island, NY CNG/Diesel
and Cincinnati, OH (emissions only)
GO Boulder (Boulder, CO) CNG
NYCT (New York, NY) Diesel
hybrid-electric
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engines, the availability of diesel
comparison (“control”) vehicles,
and the host site’s interest in using
alternative fuels and advanced
technology.

The data collection and evaluation
efforts are subject to peer review
and DOE approval. The results of
the evaluation at each site have
been published separately and
are available from the National
Alternative Fuels Hotline
(1-800-423-1363) and on the
Web at www.afdc.doe.gov.

The objective of this project at
NYCT is to provide a reasonable
comparison between currently
available advanced propulsion
technology and standard diesel
transit buses. This comparison
includes economic, technical,
emissions, and safety factors.

Data are collected on the opera-
tional, maintenance, performance,
and emission characteristics of
each alternative fuel or advanced
propulsion fleet and comparable
diesel fleet operating at the same
site. Transit agencies considering
the use of advanced propulsion
technology buses are the primary
intended audience for this infor-
mation.

Host Site Profile: NYCT

The MTA, of which NYCT is the
largest agency, had an annual
budget of $7.3 billion for 2001
and provides transportation for
nearly 7.8 million passengers.
The MTA provides rail and bus
service in the New York City area,
using 4,871 buses and 7,849
passenger rail and subway cars.

The NYCT Department of Buses
operates more buses than any

Hybrid-Electric
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Emission Reduction Options for Transit Vehicles

The use of natural gas has been increasing significantly in the transit
bus market since 1994 because natural gas engines can have signifi-
cantly cleaner emissions than standard diesel engines. The major
downside with natural gas for transit companies is the extra costs
for vehicles, fueling facilities, and maintenance facility upgrades to
accommodate the use of natural gas. These investments are substantial.

Both propane and electric vehicles have been available for smaller than
full-size transit buses. All-electric vehicles have an issue of reduced
range compared to conventional diesel vehicles of a similar size.

Hybrid-electric buses are expected to allow the use of cleaner electric
power, require a smaller engine or power plant compared to a standard
vehicle, and extend the range of an all-electric vehicle by use of the
power plant and regenerative braking. The challenge with hybrid-
electric vehicles is the complexity of using electric motors, energy
storage devices such as batteries, a power plant such as a small diesel

engine, and regenerative braking all in one vehicle.

One purpose of the DOE/NREL Transit Bus Evaluation is to determine
the commercial potential, cost, emission reduction benefits, technical
hurdles, and economic challenges affecting the adoption of advanced

technology buses.

other public agency in North
America. Its 4,489 buses serve
New York City from 18 depots.
These buses cover 235 routes,
which total 1,871 miles each day.
The NYCT bus fleet operates

115 million miles annually and
serves an estimated 2.2 million
paying customers daily.

Like most other transit companies
in the United States, NYCT has
been testing clean emission transit
buses over the past 10 years.
NYCT plans to purchase CNG
and diesel hybrid buses, as well
as retrofit the entire existing
diesel bus fleet with catalyzed
diesel particulate filters (DPFs).
Lower sulfur content diesel fuel
has also been used since 2000.
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The overall goal of the NYCT
plan includes having 385 diesel
hybrid buses and 646 CNG buses
in service by 2006. NYCT also
plans to have the entire existing
diesel bus fleet converted to
using catalyzed DPFs in 2004.

NYCT’s Diesel Hybrid-Electric
Transit Buses

NYCT introduced heavy-duty hybrid
technology into its operation in
1998 with one retrofitted NovaBUS
RTS bus with a prototype Allison
series hybrid system and with four
new Orion VI hybrid buses with the
Lockheed Martin Control Systems
(now BAE SYSTEMS) HybriDrive™
propulsion system. The HybriDrive ™
buses were placed into service in
September 1998. The NovaBUS
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RTS hybrid bus from Allison was
operated until 1999.

NYCT ordered 10 Orion VI hybrid
buses in 1997. The first four Orion
VI hybrid buses were originally
planned for delivery to New Jersey
Transit but were instead purchased
by NYCT. The fifth Orion VI hybrid
bus started service in March 1999.
The other five Orion VI vehicles
were placed into service in mid-
2000. In general, NYCT considered
this fleet of 10 Orion VI hybrid
buses to be a test (or pilot) fleet.
These buses are considered by
NYCT and the manufacturers
(Orion and BAE SYSTEMS) to be
prototypes. As shown in Table 2,
the 1998 and 1999 model hybrid
buses were compared with 14
conventional diesel transit buses.

Table 2. Vehicle System Descriptions

Comparison Items

Low-Floor Hybrid

High-Floor Diesel (Orion)

High-Floor Diesel (Nova)

Operating Facility (Depot) Manhattanville Amsterdam Manhattanville
Number of Buses 10 7 7

Chassis Manufacturer/Model Orion VI OrionV NovaBUS RTS
Passenger Capacity Based on GVWR 64 75 79

Number of Seats 32 39 40

Free Floor Space* (ft2) 87 83 73

Chassis Model Year 1998, 1999 1998 1998

Engine Manufacturer/Model Navistar/DDC S30 DDC S50 DDC S50

Rated Horsepower

230 bhp @ 2300 rpm

275 bhp @ 2100 rpm

275 bhp @ 2100 rpm

Maximum Torque

605 ft-lb @ 1500 rpm

890 ft-lb @ 1200 rpm

890 ft-lb @ 1200 rpm

Compression Ratio

17.5:1

15.0:1

15.0:1

Generator Manufacturer/Model BAE SYSTEMS N/A N/A
Maximum Rating 170 kW @ 2000 rpm N/A N/A
Battery Pack Manufacturer/Model Hawker
Sealed Lead Acid N/A N/A
Battery Pack 2 roof-mounted tubs,
23 batteries each tub, N/A N/A
580V Total
Battery Capacity 64 A-h for each N/A N/A
battery at C/3 rating
Regenerative Braking Yes No No
Retarder No Yes Yes
Transmission Manufacturer/Model - Allison/B-500R Allison/VR731-RH
Catalyzed DPF Used (Y/N) Yes (NETT Technologies) No No
Fuel System Capacity (gal) 100 150 150
Curb Weight (Ib) 31,840 28,500 27,500
Gross Vehicle Weight (GYW) 41,640 39,930 39,500
Bus Purchase Cost (S) 465,000 290,000 290,000

*NYCT standard for scheduling service is 3.7 t2 per standee.
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The comparison or diesel control
buses, all model year 1998, were
located at two NYCT depots.

The first 10 hybrid buses cost

an average of $465,000 each. A
typical diesel bus at NYCT costs
about $290,000. For comparison,
the next-generation hybrid buses
ordered by NYCT had a purchase
price of $385,000 each, and a
CNG bus purchase price at NYCT
is about $320,000. Figure 2 shows
the Manhattanville Depot.

NYCT’s Involvement in Air
Quality Improvement

NYCT is committed to using
clean fuel vehicles: it purchased
34 CNG buses in 1995 and
added another 190 CNG buses
in operation in 2000. In early
2000, New York Governor
George Pataki and NYCT com-
pleted a clean air plan that pro-
vides funding through 2004 to
NYCT to purchase CNG and
hybrid buses, use ultra low-sulfur
diesel fuel (ULSD) for the entire
diesel fleet, retrofit diesel buses
with catalyzed DPFs, and convert
several depots to accommodate
CNG buses.Table 3 illustrates
NYCT’s commitment to hybrid
and CNG bus technology.

Project Design and Data
Collection

One goal of the DOE/NREL Transit
Bus Evaluation Program is to
compare advanced technology
vehicles with nearly identical
diesel “control” vehicles operating
in the same duty cycle. The diesel
comparison vehicles in this
evaluation were in two groups:
NovaBUS RTS diesel buses from
the Manhattanville Depot and
Orion V diesel buses from the
Amsterdam Depot. Both of the

comparison bus models have
some significant differences from
the hybrid buses.

The Orion V diesel buses at
Amsterdam were chosen to
compare to the hybrid buses
because the vehicle chassis were
built by the same manufacturer
in nearly the same model year;
however, the duty cycle at
Amsterdam was slightly different
than the cycle at Manhattanville.

The NovaBUS RTS buses at
Manhattanville were chosen to
compare to the hybrid buses
because the operating duty
cycle was essentially the same
for both fleets, and they were
operated from the same depot;
however, the bus chassis is
significantly different.

The two diesel study fleets started
operations at about the same
time in March and April 1999, so
their respective ages are similar.

Hybrid-Electric
Transit Buses

Table 3. Recent and Planned Hybrid
and CNG Bus Purchases by NYCT

Delivery Year Number of Buses

Hybrid  CNG
As of 1998-2001 10 221
2002 125 125
2003-2004 200 130
2006 50 170
Total 385 646

Figure 2. Manhattanville Depot in New York

PIX 10878
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Because of major hardware changes
(including a new engine), the first
hybrid bus (6350) was removed
from the evaluation. Data are
included in the report but not in
the totals for the hybrid buses.

The nine other hybrid buses have
been split in two groups for the
evaluation—four of the five older
hybrid buses versus the five newer
hybrid buses. All of the hybrid
buses had the same general spec-
ifications, but the split into two
subsets for analysis was made to
explore the improvements made
to the newer buses after the start
of testing of the fifth hybrid bus.
The older buses are 14-20 months
older (based on date placed into
service) than the last five hybrid
buses in the group. Although the
older and newer hybrid buses
represent the same Orion VI
chassis, they have some differ-
ences, as described in the section
below on Lessons Learned.

The evaluation period for the fuel
and maintenance analyses was
chosen to make sure that data were
taken for all of the hybrid buses
only while they were operating at
the Manhattanville Depot.

Data were gathered from NYCT’s
fuel and maintenance tracking
systems daily. Examples of the
data parameters included:

* Diesel fuel consumption by
vehicle

Final Results

* Mileage data from every vehicle

* Engine oil additions and oil/
filter changes

* Preventive maintenance action
(PMA) work orders, parts lists,
labor records, and related
documents

* Records of unscheduled
maintenance (e.g., roadcalls)

* Records of repairs covered by
manufacturer warranty.

The data collection was designed
to cause as little disruption for
NYCT as possible. Data were sent
from the transit site to Battelle
for analysis. In general, staff at
NYCT sent copies (electronic or
paper) of data that had already
been collected as part of normal
business operations.

NYCT staff had access to all data
being collected from their site
and other data available from
the project. Summaries of the
data collected, evaluations,

and analyses of the data were
distributed to designated staff
at NYCT for review and input.

The study design included the
tracking of safety incidents
affecting the vehicles or occurring
at NYCT’s terminal facilities.
However, no reportable safety
incidents occurred during the
data collection period.
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= NYCT'’s Facilities

—

NYCT operates 246 buses from
the Manhattanville Depot in West
Harlem (Figure 3) including the
10 Orion diesel hybrid-electric
vehicles. The Manhattanville
Depot opened for bus operations
in November 1992.

The building has four levels and
provides 340,000 square feet of
working space inside. The first floor
houses the diesel fueling station, bus
wash, and maintenance area. The
fueling lanes are shown in Figure 4.
The second and third floors are
used to store the buses. The
fourth floor contains offices and
drivers’ rooms, with some outside
employee parking. There is a mod-
est outdoor apron on the first floor
for moving and storing vehicles
outside the building (Figure 2).

The Manhattanville Depot operates
three diesel fueling lanes and has
40,000 gallons of diesel fuel stored
on site in 10 underground tanks.
The bus operation uses approxi-
mately 9,000 gallons of diesel
fuel per night.

For the hybrid buses, electrical
charging stations were added to
the third floor. These charging
stations were installed as an
experiment by the New York
Power Authority for providing
grid electricity for charging the Figure 4. Diesel fueling lanes at Manhattanville Depot
bus traction batteries. However,

the hybrid buses do not require

grid connection and were not

charged during this evaluation.

PIX 11345

Battery conditioning is required
on a 6-month basis to extend the

PIX 11344
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PIX 11346

Figure 5. Ceiling-mounted charging hookup for hybrid bus batteries

PIX 10882

Figure 6. Rear quarter of hybrid bus showing battery conditioning port (top)
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life of the batteries in the hybrid
system. Battery conditioning
consists of a very slow, controlled
overcharging of the battery pack
in an attempt to equalize the
charge between batteries and
clean off the plates within the
batteries. It takes 12-24 hours.

Equipment for battery conditioning
is installed at the Manhattanville
depot on the third floor near the
charging stations (Figure 5). Buses
are parked near the overhead
equipment and then plugged in.
Figure 6 shows the battery condi-
tioning port on a hybrid bus.

The depot also had a crane installed
above one of the maintenance
lanes for easier removal and
installation of battery packs on
the hybrid buses. Many bus main-
tenance facilities may already
have this type of equipment for
servicing the equipment placed
on the roofs of low-floor buses
because of diminished space for
equipment under the floor of
the bus. No information on
installation, operating, or energy
costs for the electrical or crane
equipment was available for

this evaluation.

There are 763 employees at the
Manhattanville Depot, of whom
600 are bus operators and 62 are
bus maintainers (mechanics).
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Project Start-Up at NYCT

Based on the success of an early
prototype hybrid bus project in
1996, NYCT ordered 10 diesel
hybrid-electric transit buses, the
first of which began operating in
1998. The diesel hybrid-electric
buses were built by Orion, with
propulsion systems by BAE
SYSTEMS (formerly Lockheed
Martin). NYCT brought hybrid
vehicles into its transit fleet to
reduce emissions and increase
fuel economy. Also, the cost of
the fuel-related infrastructure was
lower than that of other alternative
fuel systems.

Goals of the Orion VI Diesel
Hybrid-Electric Fleet

At the time that the 10 Orion VI
hybrid buses were delivered, this
was the largest standard 40-foot
hybrid bus fleet in the United
States. Hybrid buses were not a
standard configuration for transit
applications. BAE SYSTEMS, Orion,
and NYCT set out to design, build,
and implement the use of hybrid
buses into standard transit service.
However, all parties were aware
that this was an investment into
unproven technology, and this pro-
ject was intended to develop this
technology. NYCT set specific goals
for this implementation of hybrid
buses in order to measure the suc-
cess of this development project:

1. Reduce emissions, specifically
oxides of nitrogen (NO, <15 g/mi)
and particulate matter
(PM <0.06 g/mi)

2. Significantly increase fuel
economy

3. Show that the hybrid buses can
operate in regular revenue
service with no route or driver
restrictions

4. Show that the hybrid bus
performance (e.g., acceleration,
gradability, and range) was
equal to or better than that of
conventional diesel buses and
that drivers can switch from one
to the other with no significant
difference in operation

5. Demonstrate that drivers and
passengers perceive hybrid-
electric buses positively

6. Significantly increase brake life

7. Improve the design of the hybrid
bus; promote the development
of the technology through
investment

8. Help put the industry in a
position to build and sell
“production” hybrid buses.

All indications from the NYCT
program and this evaluation show
that this implementation of diesel
hybrid-electric buses has met or
exceeded all goals.

Challenges Encountered
during Start-Up

The challenges encountered
during introduction of the hybrid
vehicles have been similar to
those encountered during any
new technology introduction:

the need to develop new safety
procedures and to ensure that
personnel are properly trained,

a learning curve as mechanics
became familiar with new
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Lessons Learned at Start-Up*

A team effort is required to develop a prototype system into a proven,
off-the-shelf system.

Vendor, manufacturer, and in-house management support are critical
during the learning curve at the transit depot, as maintenance
personnel diagnose, troubleshoot, and adapt to the new systems.

Operators reported that the hybrid buses had better acceleration,
better traction in bad weather, and smooth braking.

Minimal special training for operators was required.
The hybrids could be used on all of NYCT's routes.

Riders noticed the quieter ride, and many expressed interest in
the “electric power” system on the buses.

Some obstacles to the commercial growth of hybrid bus technology
include the performance of current lead-acid batteries, the availability
of medium-duty engines certified for transit bus applications, and the
high purchase cost of the first generation of production vehicles. This
high purchase cost is exacerbated by the small size of the transit bus
market, which cannot support the development of new technologies
on its own.

The prospects for greater commerecial
success would be improved by the
availability of low cost advanced
energy storage devices and lower
production costs based on the
increased production volume
that may result from greater
penetration of the truck and
military markets.

*A report that focuses on NYCT's start-up experience
is available from the National Alternative Fuels
Hotline (1-800-423-1363) or on the Web
(www.afdc.doe.gov).

10

Final Results

equipment and troubleshooting
procedures, and difficulty in
identifying and obtaining replace-
ment parts for first-generation
pre-production vehicles. These
issues were exacerbated by the
fact that the hybrid fleet repre-
sented only a small fraction of
the total fleet at the assigned
operating location. In addition,
there were a number of premature
failures of hybrid system compo-
nents, including traction batteries,
traction motors, and generators.
Some of these failures were related
to component design, and some
were related to the low volume
manufacture of these components.
All of these issues have been
addressed via redesign.

Among other differences, the
roof-mounted battery tubs on the
hybrid buses require the use of

a crane in the maintenance area,
and the traction generators,
traction motors, and computer
control system of the hybrid
buses represent new technologies
for diesel mechanics to learn.

A number of changes to equipment
and software were made in the
course of project start-up at NYCT.
All of the lessons learned with
the Orion VI hybrid buses (see
box) have been incorporated into
the next-generation (Orion VII)
hybrid buses.
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== Evaluation Results

The analyses in this report cover
9 diesel hybrid-electric transit
buses and 14 diesel transit buses
operating over focus periods of
up to 12 months, as shown in
Table 4. The fuel and maintenance
data collection periods were chosen
to analyze each vehicle over a similar
range of accumulated mileage.

from the Manhattanville Depot,
and the Orion V diesel buses were
operated from the Amsterdam
Depot. The buses at the Manhat-
tanville Depot are operated on

8 Manhattan routes 7 days per
week, up to 24 hours per day. The
buses at the Amsterdam Depot
are operated on 2 Manhattan and
6 Bronx routes 7 days per week,

Actual Bus Use in Revenue up to 24 hours per day.

Service

The hybrid buses and the NovaBUS
RTS study buses were operated

Buses are randomly dispatched
from each of the two depots.
Based on the route assignments

Table 4. Start of Operation Date, Fuel Data Period, and Maintenance Data Period for Each Study Bus

Start Date of Fuel Data
Operation Period

Maintenance
Data Period

Bus Operating

Number Bus Model Facility

6350%* Orion VI Hybrid Manhattanville 8/31/98 7/00-9/01 7/1/00-9/30/01
Older 6351 Orion VI Hybrid Manhattanville 9/21/98 7/00-9/01 5/17/2000-7/23/2001
Hybrid 6352 Orion VI Hybrid Manhattanville 9/22/98 7/00-9/01 4/26/2000-5/20/2001
6353 Orion VI Hybrid Manhattanville 9/22/98 7/00-9/01 4/18/200-7/12/2001
6354 Orion VI Hybrid Manhattanville 3/12/99 7/00-7/01* 4/19/2000-6/19/2001
6355 Orion VI Hybrid Manhattanville 4/19/00 7/00-7/01* 6/20/2000-7/23/2001
Newer 6356 Orion VI Hybrid Manhattanville 4/21/00 7/00-7/01* 6/8/2000-7/7/2001
Hybrid 6357 Orion VI Hybrid Manhattanville 5/12/00 7/00-9/01 7/3/2000-7/26/2001
6358 Orion VI Hybrid Manhattanville 5/12/00 7/00-9/01 7/6/2000-8/9/2001
6359 Orion VI Hybrid Manhattanville 5/12/00 7/00-9/01 8/2/2000-9/9/2001
6069 Orion V Diesel Amsterdam 5/10/99 7/00-9/01 6/22/1999-6/6/2000
Diesel 6073 Orion V Diesel Amsterdam 3/29/99 7/00-9/01 4/28/1999-4/12/2000
6086 Orion V Diesel Amsterdam 4/22/99 7/00-9/01 5/22/1999-5/19/2000
6088 Orion V Diesel Amsterdam 4/7/99 7/00-9/01 4/30/1999-5/19/2000
6092 Orion V Diesel Amsterdam 4/7/99 7/00-9/01 5/6/1999-5/25/2000
6114 Orion V Diesel Amsterdam 5/4/99 7/00-9/01 6/4/1999-6/26/2000
6118 Orion V Diesel Amsterdam 5/4/99 7/00-9/01 6/18/1999-6/2/2000
5127 NovaBUS RTS Manhattanville 3/22/99 7/00-9/01 4/15/1999-4/14/2000
Diesel 5129 NovaBUS RTS Manhattanville 3/22/99 7/00-9/01 4/15/1999-3/29/2000
5130 NovaBUS RTS Manhattanville 3/22/99 7/00-9/01 4/23/1999-4/22/2000
5131 NovaBUS RTS Manhattanville 3/22/99 7/00-9/01 4/18/1999-3/25/2000
5134 NovaBUS RTS Manhattanville 3/22/99 7/00-9/01 4/14/1999-4/10/2000
5138 NovaBUS RTS Manhattanville 3/22/99 7/00-9/01 4/17/1999-4/1/2000
5143 NovaBUS RTS Manhattanville 3/22/99 7/00-9/01 4/20/1999-4/10/2000

* These three hybrid buses were moved to Mother Clara Hale Depot at the end of July 2001 for operation. The data from operation of these vehicles at this new depot

have not been included in any of the analyses provided in this report.
** Hybrid bus 6350 was not included in the evaluation because of the repower of the engine.
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and daily assignment of buses
from each depot for operating
year 2000, the average speed for
6350* il buses from Manhattanville was
6351 6.43 mph, compared with a
speed of 5.90 mph for buses
from Amsterdam. These values
were averaged over an entire
6354 week of operation.

Figure 7. Average miles driven per month, by bus and fleet
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6356 average speed, which indicates
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AVERAGE pared to those operating from
the Manhattanville Depot.
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6073 Figure 7 shows the average

6086 I monthly mileage for each vehicle
and fleet. Figure 8 shows the
fleet average monthly mileage
over time. The two diesel fleets
6114 had essentially the same average
6118 — mileage. The older group of hybrid
buses had an average mileage 45%
lower than the diesel buses at
Manhattanville (NovaBUS). The
newer group of hybrid buses had
an average mileage only 30%
lower than the same diesel buses
at Manhattanville.
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The lower average mileage of the
hybrid buses is an indicator of
how much the hybrid buses were
out of service for maintenance
and upgrade issues. The newer
hybrid bus group had a few
months where their usage was
*Mileage for 6350 is not included in the average due to the repower of the engine. Older Hybrid group includes nearly to the level of the diesel

6351-6354; Newer Hybrid group includes 6355-6359. bus usage (December 2000 and
March 2001), which indicates
significant improvement in
availability for service.

NovaBUS Diesel
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IR N N
0 500 1,000 1,500 2,000 2,500 3,000

Average monthly miles driven

Fuel consumption records indicate
that when the hybrid buses were

operated, they were used in nearly
the same service as the diesel
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buses at Manhattanville because
the average daily mileage was
nearly the same. The hybrid
buses had lower usage based on
the need for more maintenance
and downtime for servicing and
parts supply; however, when the
hybrid buses were in service,
they were used at nearly the
same level as the diesel buses
at Manhattanville.

Fuel Economy and
Maintenance Costs

The diesel hybrid-electric buses
had greater fuel economy than the
diesel buses, but maintenance
costs for the hybrid buses were
significantly higher. The mainte-
nance cost differences were most
likely attributable to the novelty
of the hybrid propulsion system
at the Manhattanville Depot and
the difficulty in obtaining replace-
ment parts for an unfamiliar bus
system.

Once a new generation of hybrid
buses is deployed in greater
numbers, the costs for trouble-
shooting and repair should decline.

Fuel Economy

NYCT uses Jet A diesel fuel, which
is designated as aircraft fuel. NYCT
and the other transit bus operators
in the area use Jet A diesel fuel
because of its availability in the
city. This fuel designation is a
slightly higher grade than diesel
#1. NYCT uses ULSD fuel at less
than 30 ppm sulfur content for
its Jet A diesel fuel.

Fuel consumption and economy
are shown for the study groups
on a per-bus and per-fleet basis
in Figure 9 for the evaluation
period. Also, during the evaluation
period, NYCT was not performing

Hybrid-Electric
Transit Buses

Figure 8. Average monthly mileage per fleet, over time
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any external charging of the
traction batteries from the electric
grid; therefore, essentially all energy
consumed by hybrid buses came
from the diesel fuel consumed by
the engine.

The two hybrid bus groups had
essentially the same fuel economy
at an average of 2.65 mpg, which
is higher than the average fuel
economy of the diesel buses. The
diesel buses at Manhattanville
(NovaBUS) had an average fuel
economy of 2.42 mpg, and the
hybrid bus fuel economy was
10% higher. The diesel buses at
Amsterdam (Orion) had an average
fuel economy of 2.17 mpg, and
the hybrid bus fuel economy was
22% higher.

As mentioned earlier, the duty cycle
for the diesel buses at Amsterdam
was slightly more difficult than at
Manhattanville, which was expect-
ed to make the fuel economy
significantly lower. The average
operating speed from the Amsterdam
Depot was 8% lower, and the
diesel buses had 10% lower fuel
economy than the diesel buses at
Manhattanville Depot.
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Figure 9. Fuel economy by bus and fleet
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*6350 not included in average or total; bus was repowered with a different engine than the other nine hybrid buses.
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Figure 10 shows the average fleet
fuel economies for each of the
study fleets from the beginning of
operation. The diesel buses at
Amsterdam had the lowest fuel
economy. The diesel buses at
Manhattanville and the hybrid
buses had similar fuel economies
until about July 2000. After July
2000, the hybrid buses had high-
er fuel economy than the diesel
buses at Manhattanville.

Larger fuel economy differences
between the hybrid and diesel
buses were observed during the
cooler months, with smaller
differences observed during
warmer months. This reduction
in fuel economy for the hybrid
buses may be caused by air
conditioning loads and/or thermal
“foldback” of the hybrid traction
battery operation in the proto-
type buses.

If the batteries are too hot, the
hybrid control system reduces
power to help the hybrid system
recover and cool the batteries.
During this thermal foldback
operation, the hybrid system
would not be operating optimally.
Specifically, the regenerative
braking would not be in opera-
tion, only the service brakes. Not
using the regenerative braking
would reduce the fuel economy
significantly. Based on specific
changes in design to improve
battery pack thermal management,
BAE SYSTEMS reports that this
situation should not occur with
the newer Orion VII hybrid bus
design. In addition, the Orion VII
hybrid will incorporate additional
changes to the system that con-
trols regenerative braking that
should increase the total amount
of regenerative energy that can
be effectively captured. The result
should be an increase in fuel
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efficiency and more consistent fuel
efficiency throughout the year.

Fuel economy measurements
taken during emissions testing
on the West Virginia University
(WVU) chassis dynamometer
showed fuel economy to be

23% greater for the hybrid buses
on the Commercial Business
District (CBD) controlled test
cycle, compared to diesel buses.
When tested without regenerative
braking, the hybrid’s fuel economy
during the CBD cycle was still
6% higher for the hybrid buses
compared to the NovaBUS RTS
diesel bus.

The NY Bus and Manhattan testing
cycle fuel economy results were
64% higher and 48% higher,
respectively, for the hybrid buses.
The results from these emission
tests should be considered the
maximum results for the hybrid
buses because the air conditioning
and heating were not used during
the testing, and the operation of
the hybrid propulsion system was
monitored to ensure that thermal
foldback did not occur during
the testing.

Fuel Costs

The ULSD fuel at NYCT cost an
average of $1.03 per gallon dur-
ing the evaluation. For the evalu-
ation period, the diesel buses at
Amsterdam had a fuel cost of
$0.474 per mile, the diesel buses
at Manhattanville had a fuel cost of
$0.426 per mile, and the hybrids
had the lowest cost at $0.390 per
mile for the older hybrid group
(8% lower than the fuel cost for
the NovaBUS RTS diesel buses)
and $0.387 per mile for the
newer hybrid group (9% lower
than the fuel cost for the Nova-
BUS RTS diesel buses).

Hybrid-Electric
Transit Buses

Figure 10. Fuel economy by month and fleet
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Engine Oil Consumption and Cost

Engine oil consumption is measured
by recording the volume of engine
oil added between oil changes. For
most heavy-duty engines, a certain
level of engine oil consumption

is expected.

The engine oil consumption for the
Series 30D engine used in the hybrid
buses was tracked for the evaluation
period. The overall oil consumption
was 2.22 quarts per 1,000 miles or
451 miles per quart of engine oil.
The cost per quart of engine oil for
the buses was $0.64.

The engine oil consumption data for
the diesel buses in the evaluation
were not complete; therefore no
results were available for comparison.
The usual engine oil consumption
of the Series 50 diesel engine in
NYCT service was expected to be

1.5 to 2.0 quarts per 1,000 miles
based on discussions with the engine
manufacturer.

Factors Affecting Maintenance
Costs

Maintenance data were collected
from NYCT for each bus back
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to the start of operation. All
maintenance work orders and
parts information available have
been collected for the study buses.

In this maintenance cost discussion,
all work orders marked as accidents
have been removed. In general,
accidents are random as far as which
buses have accidents and how much
those accidents cost to repair. Acci-
dent repair costs included mostly
exterior body damage repair.

For all maintenance cost compar-
isons, the NovaBUS RTS diesel
buses at Manhattanville are used
as the baseline. Also, the NovaBUS
RTS diesel buses have a duty cycle
similar to that of the hybrid buses.

In general, the hybrid buses have
higher maintenance costs than the
diesel buses in all categories. This
has been essentially caused by
three main issues: (1) The hybrid
buses evaluated in this report are
prototype technology; (2) During
the evaluation, the depot mechanics
were inexperienced with the Orion
bus platform, DDC Series 30 engine,
and hybrid propulsion systems;
and (3) The hybrid buses were a
small fleet in a large standard
NovaBUS diesel bus fleet (236 of
246 buses at the depot were
manufactured by NovaBUS).
Maintenance costs are expected to
decline significantly when hybrid
buses constitute a greater share
of the transit fleet at a given depot.

The low number of hybrid buses
caused more troubleshooting
hours for the mechanics for the
buses and the propulsion systems
on the hybrid buses because of
being unfamiliar with the bus and
propulsion system. Also, the
mechanics required more time to
specify and receive parts for the
hybrid buses because of the lack
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of support for and familiarity
with Orion buses at this depot, in
addition to difficulty on the part
of the manufacturer in providing
timely parts support for these
pre-production vehicles. This is
consistent with the significantly
higher labor hours required for
the hybrid buses compared to the
diesel buses at the same depot.

The hybrid buses have been split
into two groups for this evaluation
—older and newer hybrid buses.
The older hybrid bus group
consists of buses 6351 through
6354 and includes 3 of the first

4 buses delivered to NYCT and
the pilot bus for this order. Each
of these buses is 14-20 months
older than the last 5 buses in the
10-bus order. Bus 6350 has not
been included in these analyses
because the engine was replaced
with a Cummins ISB diesel
engine in order to gain experience
with that configuration for the
next order of hybrid buses. The
newer hybrid bus group consists
of buses 6355 through 6359.
These 5 buses all went into ser-
vice within a 2-month period in
April-May 2000. This division is
intended to show the significant
progress made in the develop-
ment of this hybrid technology
between the earlier and the later
delivery within the evaluation
data period.

Maintenance Costs by
Vehicle System

Figure 11 shows the major system
groupings used for the mainte-
nance cost analysis. Across all fleets,
cab, body, and accessories and
engine/fuel-related maintenance
were the highest rated cost cate-
gories. Brakes, HVAC (heating,
ventilating, and air conditioning),
and preventive maintenance
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inspections also appeared among
the top cost categories in one or
more fleets.

The following discussion of main-
tenance by vehicle system focuses
on the same 12-month evaluation
period shown in Figure 11. The
following discussion shows differ-
ences in maintenance costs. Unless
otherwise indicated, the NovaBUS
RTS diesel fleet at Manhattanville is
taken as the baseline fleet.

* Total Engine- and Fuel-Related
Systems — The two diesel fleets
are similar, with the Orion
diesel fleet having 4% lower costs.
The hybrid groups had much
higher costs than the NovaBUS
fleet (6.8 times higher for the
older hybrid and 4.6 times
higher for the newer hybrid).

Exhaust System — The exhaust
system maintenance costs for
the Orion diesel fleet were very
low. The NovaBUS diesel fleet
had significant exhaust system
repair costs, and the hybrid
fleet had the highest costs at
30% higher for the older group
and 2.8 times higher for the
newer group. The hybrid bus
group had catalyzed DPFs
installed, and neither diesel
fleet had DPFs.

Fuel System — The repair
costs for the Orion diesel
fleet were very low. The older
hybrid group had costs 19.7
times higher and the newer
hybrid group had costs

10.8 times higher than the
NovaBUS fleet.

Engine System - The Orion
diesel buses had the lowest
repair cost at 34% lower than
the NovaBUS diesel fleet. The

the older group and 4.1 times
higher for the newer group.

Electric Motor, Generator,
and Battery Repairs — Only
the hybrid buses have these
systems. The costs for these
systems were significant at
$0.241 per mile for the older
group and $0.080 per mile
for the newer group. The
newer hybrid group showed
significant improvement in
this category.

Non-Lighting Electrical
Systems — The NovaBUS
diesel fleet had the lowest
costs. The Orion diesel fleet
had costs 12% higher, and
the hybrid bus groups had
costs 2.8 times higher for the
older and 2.4 times higher
for the newer.

Air Intake System — The
Orion diesel buses had the
lowest repair cost at 96%
lower. The newer hybrid
group had the highest costs
at 2 times higher and the
older hybrid group had costs
41% lower than the NovaBUS
diesel buses.

Cooling System — The two
diesel fleets had about the
same cost for this system.
The hybrid groups had
significantly higher costs at
3.6 times higher for the older
hybrids and 5.7 times higher
for the newer hybrids.

Transmission System —
The hybrid buses do not have
transmissions. The Orion
diesel buses had repair costs
32% higher than the NovaBUS
diesel buses.

Hybrid-Electric
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Figure 11. Share of maintenance

costs across major systems
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* Cab, Body, and Accessories
Systems — The hybrid groups
had the highest costs at 2.6 times

hybrid buses were again the
highest at 4.8 times higher for
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higher for the older group and
65% higher for the newer group.
The Orion diesel buses had costs
9% lower than the NovaBUS
diesel fleet.

* Frame, Steering, and
Suspension System — Both of
the diesel fleets had similar
costs. The hybrid groups had
the highest costs at 3.5 times
higher for the older hybrids
and 2.2 times higher for the
newer hybrids.

* Axle, Wheel, and Drive Shaft
Systems — The two diesel fleets
had low costs that were nearly
the same. The hybrid groups
had costs 4.9 times higher for
the older hybrids and 2 times
higher for the newer hybrids.

* Brake System — The NovaBUS
fleet had the highest cost for
the brakes. The Orion diesel
fleet had costs 62% lower, and
the hybrid groups had costs
11% lower for the older hybrids
and 27% lower for the newer
hybrids. However, one brake
reline for bus 6359 has not
been included in the analysis.
The costs for the brake reline,
which were removed from this
analysis, were 60 labor hours
and $8,339 in parts. The costs
for this reline are much higher
than expected and have not
been fully investigated.

Tire Systems - Tire costs were
low because the actual cost of
the tires is not included in this
maintenance analysis. Only the
repair labor hours and a few
miscellaneous parts related to
the tires have been included
here. The older hybrid group
had the highest cost at 2.3
times higher and the newer
hybrid group had 41% higher
costs. The Orion diesel fleet
had costs 80% lower.

Final Results

* HVAC Systems — The two
diesel fleets had similar costs.
The hybrid groups had costs
75% higher for the older hybrid
group and 45% higher for the
newer hybrid group.

° PMA Inspections — PMA inspec-
tions only include labor hours
for inspections. The costs for the
Orion diesel fleet were 37% lower.
The older hybrid group costs
were 15% higher. The newer
hybrid group had higher
inspection cost at 57% higher,
which may have been caused
by an accelerated PMA schedule
for four of the hybrids, whose
hubodometers were found to be
reading out in kilometers instead
of miles for part of the evaluation
period.

* Lighting System — The Orion
diesel fleet had costs 78%
higher, and the hybrid groups
had costs 3.4 times higher for
the older hybrids and 2.2 times
higher for the newer hybrids.

Warranty Costs

All costs for repairs under warranty
have been removed from analyses
shown in this report. Warranty
costs are not included in the cost
analyses because warranty
exposure for the manufacturers
has usually been included in the
initial purchase price of the vehicle.
Including warranty costs in the
analyses here would be potential-
ly counting those costs twice.
Warranty repair information, how-
ever, was collected to investigate
long-term reliability problems
with the vehicles; in other words,
to answer the question, “Will this
problem continue beyond the
warranty period?”

Many warranty issues with the
hybrid buses caused configuration
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changes in the bus systems and
significant repair costs. Most of
the parts and repair costs have
not been included in the
maintenance system at NYCT or
in this report. Major changes to
the hybrid buses include the
following:

* Traction batteries and trays
¢ Power controller cards
¢ Traction motors

¢ Traction motor coolant and
monitoring

* Catalyzed DPFs
¢ Traction generator and coupling

* Engine and control system
computer software upgrades.

Many other optimization problems
were addressed, including repairs
to the interlock, doors, brakes
(including ABS), suspension
hunting issues, air conditioning,
and belts for accessories. Each of
the hybrid buses appeared to have
its own specific problems at start-up
that were similar to other hybrid
buses. This made troubleshooting
and long-term optimization difficult.

Roadcalls

A roadcall is defined in this report
as an on-road failure of an in-
service bus that requires the

bus be taken out of service or
replaced on route. Roadcalls are
direct indicators of reliability for
transit buses. Figure 12 shows
distance between roadcalls for
the study fleets for all data.
Figure 13 shows the same data
period for only the roadcalls that
involve the engine- and fuel-related
systems, which include the
non-lighting electrical, air intake,
cooling, exhaust, fuel, engine,
electrical motors and traction
batteries, and transmission. Note

Hybrid-Electric
Transit Buses

that the scales for Figures 12 and
13 are significantly different.

The top three causes of roadcalls
for each study fleet are shown in
Table 5. For all data, the Orion
fleet had a mileage between
roadcalls (MBRC) 38% better than
the NovaBUS diesel buses for all
roadcalls and 42% better for the
engine- and fuel-related roadcalls.

Figure 12. Miles between roadcalls for all bus systems
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Figure 13. Miles between roadcalls for engine-
and fuel-related bus systems
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Table 5. Top three causes of roadcalls (in order)

Older Newer Orion NovaBUS

Hybrid Hybrid Diesel Diesel

Electric Electric Body Door and

Propulsion Propulsion Exterior/ Interlock

Accidents

Door and Door and Wheelchair Brakes

Interlock Interlock Lift

Engine Body Exterior/ | Door and Body Exterior/
Accidents Interlock Accidents

Figure 14. Average maintenance cost per bus,
based on mileage (evaluation period)
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Cost ($) per Mile

NovaBUS
Diesel

Mileage Parts ($) Labor Hrs.

j Older Hybrid* L Newer Hybrid Orion Diesel

Labor rate used for calculations was $50 per hour. Cost per mile calculation is (Part Cost + (Labor Hrs x 50))/ Mileage.

* Bus 6350 is not included in the total rows for the hybrids.
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The older hybrid buses had an
MBRC 52% lower than the NovaBUS
diesel buses for all roadcalls and
81% lower for the engine- and
fuel-related roadcalls. The newer
hybrid buses had an MBRC

49% lower than the NovaBUS
diesel buses for all roadcalls and
74% lower for the engine- and
fuel-related roadcalls.

For the evaluation period, the Orion
fleet had an MBRC 27% better than
the NovaBUS diesel buses for all
roadcalls and 50% better for the
engine- and fuel-related roadcalls.

The older hybrid buses had an
MBRC 59% lower than the NovaBUS
diesel buses for all roadcalls and
85% lower for the engine- and
fuel-related roadcalls. The newer
hybrid buses had an MBRC 50%
lower than the NovaBUS diesel
buses for all roadcalls and 76%
lower for the engine- and fuel-
related roadcalls.

Overall Maintenance Costs

Figure 14 shows the total mainte-
nance cost per bus, based on
mileage, fo